The spin transitions in Li[Fe(Th-5Cl-Sa)2] were studied by EPR under hydrostatic pressure in the temperature range 80332 K. The structural changes in the complex anion induced by the pressure above 350 MPa (when LS-2 phase appears) are observed, which are manifested in abrupt changes in g ⊥ factor and linewidth ∆B ⊥ of the low-spin phase LS. It is also manifested in the change in the shape of EPR spectrum. The high-spin ↔ low-spin transition HS ↔ LS shows hysteresis whose width is constant up to about 265 K and then rapidly increases. The spin phase diagram studied shows a large similarity to the phase diagram of (2Me-5Et-PyH)[Fe(Th-5Cl-Sa)2], which means that characteristics of the transition depend mainly on complex anion, not on cation. The hysteresis indicates on a cooperative character of the spin transition and on grouping of the complexes in domains.
Introduction
The comprehensive studies of a spin transition induced by changes of temperature, pressure, or light have been recently performed in iron(II) solid complexes [14] . Some of these compounds exhibit molecular bistability, which is attractive for eventual application in switching devices [4] or use as switches or sensors materials and for data recording [5] . Spin crossover of iron(III) complexes has been studied by magnetic susceptibility [69] , heat capacity [6] , the Mössbauer spectroscopy [6] , or EPR spectroscopy [812] .
Photoinduced spin transitions of iron(III) were investigated by magnetic susceptibility and the Mössbauer spectroscopy [13] . The iron(III) thiosemicarbazone spin--crossover and spin-transition properties were investigated by magnetic susceptibility, the Mössbauer spectroscopy, and dierential scanning calorimetry measurements. Three compounds exhibit an abrupt spin transition with a thermal hysteresis eect [14] . The switching properties of the spin transition solid of iron(III) compounds have been investigated by using temperature and light [15, 16] . Some molecular switching processes occurring in several types of inorganic solids due to temperature, light, pressure, and magnetic eld have been described [17] . Photoinduced spin transition of Fe(II)triazole complex has been studied by the Möss-bauer spectroscopy, UV and Fourier transform infrared spectroscopy [18] . Our EPR high pressure study of the spin transition of Fe(III) spin-crossover complexes in 2-methyl-5-ethyl piridine 5-chloro-salicylalthiosemicarbazonato ferrate, (2Me-5Et-PyH)[Fe(Th-5Cl-Sa) 2 ], revealed such bistability [11, 12] .
This molecular system can exist in two dierent electronic states: high-spin 6 [6] , where M = H, Na, Cs or 2Me-5Et-PyH and R = Cl, Br. Previously our EPR studies concern the low spin domain formation in the process of spin transition in Na[Fe(Th-Sa) 2 ] [8, 9] .
The studies of magnetic susceptibility, Mössbauer spectroscopy and heat capacity for the thiosemicarbazonates with the same complex anion [Fe(Th-5Cl-Sa) 2 ] and dierent cations revealed that their HS ↔ LS transition temperature between 215 and 230 K does not dier so much [6] . It follows that the physical properties of the thiosemicarbazonates is determined mainly by structure of the complex anion. The conrmation of this conclusion should be obtained by the study of inuence of the pressure on spin transition and comparison phase diagrams of the compounds with dierent cations.
In this paper we present the results of EPR studies of spin transitions in polycrystalline Li[Fe(Th-5Cl-Sa) 2 ] under high pressure in the wide temperature range. The main aim of this study is:
1. to determine the spin transition diagram and its relation with the structural phase transition induced by pressure;
2. to answer the question how the dimensions of the cation ion (Li + instead of the complex 2Me-5Et-PyH + ) inuences on the transition diagram as well as on temperature and pressure interval of the spin bistability. The crystal structure of Li[Fe(Th-5Cl-Sa) 2 ] is not resolved. But, the structure of the complex anion is well known for isomorphic NH 4 [Fe(Th-5Cl-Sa) 2 ], which crystallises in the rhombic Pnca space group with Z = 4 [6] . (790) We assume that the structure of Fe 3+ complex for the whole family of M[Fe(Th-5Cl-Sa) 2 ] compounds is similar. The Fe 3+ ion is always coordinated by two 5-chloro salicylaltiosemicarbazonato ONS-ligands in two mutually perpendicular planes with O and S atoms in cis and N atoms in trans positions. The molecular structure of the Fe 3+ complex coordinated by two R-salicylaltiosemicarbazone ONS-ligands is presented in our earlier papers [9, 12] . The Fe[O 2 N 2 S 2 ] octahedron is in HS state bigger than in LS one and strongly distorted. The signicant changes in the HS ↔ LS transition are visible in the Fe 3+ -ligand distances as well as in the LFeL angles.
Experimental and results
The powder sample of Li[Fe(Th-5Cl-Sa) 2 ] was prepared in the Moscow Physical Technical Institute according to procedure as described in [6] . The pressure EPR studies were performed applying special equipment previously described [19] . The measurements were carried out at dierent constant temperatures changing the pressure up and down between the atmospheric pressure and 550 MPa. The temperature measurements under atmospheric pressure were performed, too.
At room temperature under atmospheric pressure the powder EPR spectrum consists of a broad high spin HS signal at g 2.1, which is additionally deformed by paramagnetic impurities in the corundum resonator, used in measurements under pressure [19] . The resulting signal forms a background that can be approximated by two or three Lorentzian lines. Such as our previous paper [11, 12] this approximation does not have any physical sense; it only allows a separation of the background signal from the low spin LS spectrum by the numerical procedure. Because the intensity of the spurious signal from the resonator is less than 10% of the total intensity, thus that signal can be omitted in analysis of the spectrum. Here the background signal is treated as an intensity standard used to calculation of the LS intensity.
When the LS state of iron(III) complexes is observed, the summary spectrum can be approximated by:
1. LS state polycrystalline spectrum, obtained assuming the axial symmetry of g-factor and line-width, Lorentzian shape of the individual EPR line and taking into account only Zeeman term in a spin Hamiltonian, and 2. the background signal represented by three Lorentzian lines.
The numerical tting procedure is applied, from which the LS state values of g ⊥ , g , slope linewidth (∆B ⊥ and ∆B ) and intensity as well as the background data are obtained. Figure 1 shows the numerical analysis of the EPR spectrum for three selected {temperature, pressure} points: {234 K, 60 MPa}, {233 K, 450 MPa} and {294 K, 460 MPa}, which correspond to the coexistence region of two phases: HS ↔ LS-1, LS-1 ↔ LS-2, and HS ↔ LS-2, respectively. HS correspond to the high spin phase, LS-1 denotes the low pressure low spin phase and Figure 2 presents the low-spin fraction as a function of temperature under atmospheric pressure. The low-spin fraction γ LS is described by a formula:
where I LS LS intensity determined from the tting procedure of the powder spectrum, and I HS high--spin intensity approximated by background signal intensity. This approximation is not quite true, because the treatment of the powder HS signal as a superposition of some Lorentzian lines is very rough. Nevertheless, we are convinced that this procedure gives correctly qualitative course of the intensity in dependence of temperature or pressure.
On cooling under atmospheric pressure the LS signal starts at 229 K. The intensity of the signal initially rises abruptly and then the rise is gradually down to 83 K. On warming the LS intensity decreases and abruptly change of the intensity occurs at 1.8 K higher than on cooling (see inset in Fig. 2) . Reasonable is to dene the transition temperature T c , in which half abrupt change of the intensity is observed, as it is seen in the inset by solid lines. The further studies are carried out under hydrostatic pressure at several constant temperatures. Figure 3 shows the pressure dependence of the LS fraction for the HS ↔ LS transition at three chosen temperatures: 234, 273, and 327.5 K during increases and decreases of pressure. The hysteresis loop is visible. The pressure measurements are restricted to the region of the pressure when abrupt changes of the LS intensity are observed. The pressure transition p c is dened like as T c and denoted by dashed lines. As it is seen from Fig. 1b the LS-1 and LS-2 EPR spectra exhibit dierent g-values. The g-values and line width ∆B obtained from the tting procedure are plotted as a function of pressure in Fig. 4 . The mean values are: g = 1.99, g ⊥ = 2.21, ∆B = 6.25, and ∆B ⊥ = 9.7 for LS-1 phase and g = 1.98, g ⊥ = 2.16, ∆B = 3.75 and ∆B ⊥ ≈ 6.0 for LS-2 phase. Figure 5 presents the phase diagram of pressure p (MPa) versus temperature T (K) by EPR method dened. As follows from the diagram the LS-1 ↔ LS-2 (low spin-1 phase to low spin-2 phase) transition shows the large pressure hysteresis of 80 MPa up to 273 K.
Above that temperature the value of the hysteresis is about 65 MPa.
As follows from Fig. 5 and Fig. 4 the rapid changes of the g ⊥ , ∆B ⊥ , as well as in the intensity above 273 K are observed. These parameters distinctly decrease above 273 K. The parameters obtained from the EPR study for Li[Fe(Th-5Cl-Sa) 2 ] at several temperatures are collected in Table I.   TABLE I Parameters obtained from the EPR studies for Li[Fe(Th-5Cl-Sa)2 for several temperatures. P (LS-2) up the pressure at which the high pressure low-spin phase appears, P (LS-2) down the pressure at which the high pressure low-spin phase disappears, ∆P 1/2 his (MPa) width of hysteresis, I (LS-2) max relatively maximum of relative intensity of EPR spectrum, g ⊥ average value of spectroscopic splitting parameter g at z axis, g average value of spectroscopic splitting parameter g at xy axes, ∆B ⊥ line width at z direction, ∆B line width at xy directions. The Fe(II) and Fe(III) spin-crossover compounds reversibly switch between a diamagnetic LS state and a paramagnetic HS state under temperature, hydrostatic pressure, or light. The transitions between low--spin state and high spin state usually are very abrupt with a wide hysteresis loops. As follows from Fig. 3 the pressure hysteresis associated with a spin transition is observed. A similar hysteresis associated with a thermal hysteresis was observed in the iron(II) compounds [20] . The similar thermal hysteresis connected with abrupt spin transition has been recently observed for three neutral thiosemicarbazone ferric complexes of general formulae [Fe(H5XThSa)(5XThSa)]·H 2 O [21] . The related eect has been also observed in other type of the thiosemicarbazones compounds. Abrupt spin transition with a thermal hysteresis has been observed for three 5X-salicylaldehyde thiosemicarbazone [14] . This type compounds where hysteresis occurs are the most attractive to a memory eect in magnetic devices, developing switches, or sensors [5] .
We suppose that the hysteresis is connected with domain formation in the LS phases and their sizes. In our earlier studies, the EPR line-width analysis showed that LS complexes aggregate in domain, which is strictly connected with the presence of hysteresis [9] . Based on the theory of Gütlich for iron(II) compounds, thermodynamic analysis carried out recently for pressure--induced spin transitions in thiosemicarbazonates of iron(III) showed the close relationship between the size of domain and hysteresis [22] .
The changes obtained in some parameters (g ⊥ , ∆B ⊥ ) are probably connected with the structural changes in complexes in a perpendicular direction. The similar changes in a perpendicular direction that we have observed in our previous compound contains the piridine cation [11, 12] .
The temperatures of the HS ↔ LS transition for the isomorphic compounds M.
+ [Fe(Th-5Cl-Sa) 2 ] − possessed the same complex anion with various cations are collected in Table II .
The conclusion which we may draw from Table II is that the spin transition temperature is almost independent of cation on condition that complex anion is the same. That means that spin transition depends mainly on structure of the complex anion.
As follows from Fig. 5 we obtain a new pressure--induced low-spin phase LS-2 called as a high pressure low spin phase. A similar eect has been obtained in the case of piridine cation [11, 12] . In the EPR spectra of Li[Fe(Th-5Cl-Sa) 2 ] the LS-1 signal is visible from 225.5 K (at ambient pressure). As follow from Fig. 5 the [7] EPR [7] Mössbauer spectra [6] Li ≈ 267 227 ÷ 229 magnetic susceptibility [6] EPR [this paper] Na 208 magnetic susceptibility [6, 8, 9] Mössbauer spectra [6] EPR [8, 9 ] NH4 220 magnetic susceptibility [6] Mössbauer spectra [6] EPR [10] Al0.33 228 heat capacity [6] 2Me-5Et-PyH 220 Mössbauer spectra [6] EPR [11, 12] phase transition does not depend on temperature and arises at the same pressure below the triple point. The similar situation has been observed in the case of piridine cation [11, 12] . This fact allows supposition that also in this case some barrier of the Gibbs free energy G exists and should be overcome to change the specic volume on ∆V = ∂G 1 /∂P − ∂G 2 /∂P . The specicity of the phase transition in question consists in that transition occurs not in the whole volume of the initial HS phase but in the nucleus of the nucleating centre of a rst LS-1 phase as in the piridine cation [11, 12] . We can suppose that thermodynamically rst order phase transition occurs in the pressure induced low-spin phases (Fig. 3, Fig. 4) . But appropriate studies would be needed to conrm the thermodynamic nature of these spin transitions.
Conclusions
We can draw the general conclusion that hydrostatic pressure can induce a new low-spin phase (LS-2) in that category of iron(III) compounds. Spin transition depends mainly on structure of the complex anion. Below the triple point the phase transition does not depend on temperature and arises at the same pressure. Spin transition occurs in the nucleating centers of LS-1 phase. The hysteresis indicates on grouping of the complexes in domains.
